The aim of this study was to provide support for the performance, localization and expression of the 24 epithelial calcium transporter channels, calbindin-D28k (Calb) and TRPV6, and of the morphology of the 25 digestive and reproductive system of laying quails under heat stress, and with methionine 26 supplementation. Therefore, the present study characterized the positivity (immunohistochemistry) and 27 expression (real-time PCR) of calcium channels (Calb and TRPV6) in the kidneys, intestine and uterus of 28 504 laying quails that were submitted to different methionine supplementation (100, 110 and 120%) and 29 temperatures (20, 24, 28 and 32ºC). The animals under thermal stress had lower villus height, villus:crypt 30 ratio, and goblet cell index in the duodenum and jejunum, fewer secondary and tertiary uterine folds, 31 smaller hepatic steatosis, and increased number of distal convoluted renal tubules (CT) positive to Calb 32 (protein), and increased positivity in proximal CTs. The deleterious effects of heat stress were minimized 33 with methionine supplementation for the following variables: duodenal crypts, number of goblet cells of 34 the jejunum, number of uterine folds, decreased Calb positivity in intestines and kidney, increased 35 positivity of Calb in the uterus and increased TRPV6 gene expression in the kidney. Calcium transporters 36 were altered due to less need for calcium absorption and reabsorption due to more calcium available with 37 the supplementation, increasing egg production and quality. Methionine supplementation further 38 increased intestinal villus absorption area and height, increased steatosis, decreased Calb positivity in the 39 intestine and kidney, increased uterine positivity and Calb expression, and increased TRPV6 expression 40 in the uterus under thermoneutrality. This is the first study that describes the gene and protein expression 41 of calcium transporters in the intestine, kidney and uterus of laying quails, and concludes that the use of 42 methionine supplementation is justifiable in order to partially reverse the deleterious effects of thermal 43 stress on the production. 44 45 46 3 47 65
Introduction 48
Quail laying farming has been growing in Brazil, mainly in the northeast region [1] . The raising of 49 quails is a very profitable activity and with broad perspectives, which induces the development of 5 97 temperatures of 20 and 24°C, but not at higher temperatures, including thermal stress temperatures 212 (32°C). Thus, methionine supplementation is ineffective at reversing the harmful effects of heat stress for 213 VH. Supplementation with 120% methionine even led to decreased VHs at the temperature of 32ºC. Such 214 event, without contextualize the crypt depth (CD), leads to believe in the reduction of intestinal area and 215 consequent lower contact with food, decrease of nutrient absorption and production.
216
In the jejunum, the effects were similar; supplementation with 120% methionine promoted VH 217 increase at 20°C, maintained VH at 24°C, and also reduced VH at 28 and 32°C. Thus, methionine 218 supplementation was also not effective in minimizing the deleterious effects of heat stress on this small 219 intestine segment. effect of methionine in reversing, at least in part, the deleterious effects of VH heat stress in both According to the authors, it is especially possible to relate the damage observed in intestinal mucosa, 282 including decreased GC, to low feed intake during thermal stress [33] . Unlike in the literature [32] for 283 chickens, rising temperatures did not decrease jejunum GC, perhaps because quails are more heat tolerant 284 than laying hens.
285
Methionine supplementation led to an increase in GC during thermal stress (32°C) in the jejunum. 286 These results demonstrate that methionine supplementation in heat stress reverses the deleterious effects 287 of heat on the jejunum, but not on the duodenum. The increase in GC found in the jejunum under 288 conditions that mimic thermal stress by heat provides better protection of the intestinal mucosa and better 289 digestion, leading to improved intestinal health [34], thus justifying the use of methionine 290 supplementation in this case. 291 Climate warming has been causing concern for quail farming, since, as results show, thermal For the first time in quails, morphometric results showed that the increase of temperature, that is, 297 thermal stress (32ºC), causes decrease in the uterine folds, mainly in the secondary and tertiary folds 298 (Table 3) , which implies in a smaller area for the production of calcium carbonate, the main eggshell 299 compound [3], negatively influencing the egg production of the animals. High temperatures also 300 decreased eggshell production and thickness (Table 4 ). The highest indexes of uterine folds were found in 301 treatments at 20 and 24ºC. up to 5% probability.
310
These results corroborate the egg production results (Table 4) ; the highest productive performance 311 was found at 24ºC, and the lowest performance was at 32°C.
312
Although the literature mentions that methionine supplementation increases the amount of folds in 313 the uterus in layers and light birds [15-18], this was not observed when heat stress was applied in this 314 study on quails. There was an increase in the uterine fold index only at 28ºC with 110% methionine 315 supplementation; however, these results did not interfere with egg production ( production, that is, the higher the steatosis, the higher the estrogen production and the higher the egg production [14] . Thus, methionine supplementation (120%) at 24ºC would not only increase hepatic 326 steatosis but also egg production by these quails, which occurred in the present study, since the increase 327 in hepatic steatosis was reflected in a significant increase in production (Table 4 ). In contrast, birds 328 subjected to a temperature of 20ºC, despite not showing an increase in steatosis, had increased egg 329 production ( Table 4) .
330
Hepatic glycogen levels did not appear to change with the alteration in ambient temperature, 331 corroborating studies on broilers by Lana et al. [36] . However, these studies were contrary to the results 332 for broilers, which showed decreased hepatic glycogen stores, as well as reduced feed intake and weight 333 gain [37], and reduced liver weight [38] with consequent reduction in metabolic activity under thermal 334 stress.
335
However, only at 24ºC, 110% methionine supplementation increased hepatic glycogen stores. 336 These results demonstrate that at thermoneutrality, 110% supplementation maximizes energy storage in 337 the form of glycogen in the liver. Such a surplus can be transferred to production, in this case in egg 338 production. Thus, in heat stress methionine supplementation was not efficient.
339

Immunohistochemistry 340
In modern strains of laying hens, which can be extrapolated to laying quails, the equivalent of 341 10% of total body calcium is transferred daily for deposition as eggshells [39-41]; the major sources of 342 calcium are through absorption from the diet at the intestinal level, renal resorption, and bone storage.
343
Since calbindin-k28D is the carrier responsible for the absorption of calcium from the digestive system, it was not positive (Fig 1) . Positivity was more intense in the basal and more apical portion of the epithelium, since the middle portion was an area that had many enterocyte nuclei and the present marking The decrease in positivity could be explained by the increased availability of calcium and 371 consequently less need for absorption, and increased eggshell quality, which actually occurred in the 372 present study. Although the performance model of calbindin-D28k has already been described in layers,
373
this is the first study in quails. In a study with methionine supplementation in diets with lower protein 374 levels in Thailand, a country with thermal similarities to that of northeastern Brazil, there was an increase 375 in laying production rates, including increased eggshell thickness [14] . In the aforementioned study, the increase in methionine must also have minimized the deleterious effect of heat stress and increased first report on the influence of heat stress on such a transport in the kidney, which, like the intestine, has 454 the opposite effect to that found for other organs in other experiments with layers [56].
455
In the case of high temperature heat stress treatment, more DCT were positive for anti-calbindin-456 d28k, which shows that under such a situation not even increased positivity was enough to reabsorb the 457 calcium needed for the production of these birds; in addition to the increase in the expression of this 458 transport, the increase in the number of DCT that expressed such transport was needed (Fig 3) . Most intriguing was that at the two higher temperatures (28 and 32ºC), the positivity of PCT also 467 increased, so it seems that the animal physiologically adapts to reabsorb calcium, not only by DCT but 468 also by PCT in case of high temperature stress.
469
Methionine supplementation does not appear to alter protein expression of the calbindin-d28k 470 calcium transport. Therefore, such supplementation would not improve calcium utilization in animals 471 under thermal stress conditions.
472
Uterus
473
Positivity to anti-calbindin-D28K was high in the uterine glands, since these are the sites of 474 calcium carbonate production and secretion, which is produced and released for eggshell production in 475 the uterus, and is influenced by increased circulating estrogen [46] , and modulates eggshell production 476 and quality. Uterine gland cells transport calcium from their basal portion to the apical surface during 477 calcium carbonate production, the more calcium carbonate, the faster the egg production and/or better eggshell quality. The epithelium (ciliated pseudostratified) is not positive for anti-calbindin-D28k except ( and none in laying quails. Calbindin, in turn, has been described in studies in its two main forms, Calbindin-D28k gene expression ( Fig 5) in the kidneys of laying quails without methionine 518 supplementation was higher at 28ºC, a temperature that is still within thermoneutrality. With methionine 519 supplementation, the highest expression was at 24ºC. By comparing the expression of this transport 520 within each temperature (supplemented but not with methionine), it is possible to say that methionine 521 supplementation only increases Calbindin-D28k gene expression at 24ºC (thermoneutrality), that is, by 522 supplementing methionine we can maximize calcium reabsorption at the renal level, which can increase 523 egg production by producing thicker eggshells in less time. However, under conditions of heat stress, 524 supplementation is not effective in reducing the deleterious effects of heat, at least for this gene at the 525 renal level.
526
For the TRPV6 ion channel gene in the same organ, the highest gene expression in animals 527 without supplementation occurred at a temperature of 20ºC, already mentioned as a temperature below 528 thermal comfort for laying quails. In animals submitted to methionine supplementation, the highest peak of gene expression occurred at a temperature of 24ºC (thermoneutral), coinciding with the result obtained For uterine tissue, Calbindin-D28K and TRPV6 gene expression also occurred in all treatments, 561 and as for intestine, it was poor for TRPV6. Temperature increase and methionine supplementation did 562 not influence gene expression of calbindin-D28k or TRPV6. Thus, the uterine tissue is not altered under 563 these conditions either, thus not justifying the use of methionine supplementation.
564
The results described and observed in this study show the gene expression of TRPV6 and .
569
Through analysis of variance, it was possible to verify the interaction between temperature and 570 supplementation for both genes in the kidney (p≤0.01), supplementation for calbindin-D28k in the 571 intestine (p≤0.01) and temperature for TRPV6 in the uterus (Table 5) . 575 *, **, and ns indicate, respectively, significant differences up to 5%, up to 1%, and not significant by the F test.
572
576
In addition, the responses of calbindin-D28k and TRPV6 in the kidney, intestine and uterus of 577 Japanese quails supplemented with methionine + cystine (100% and 120%) at different temperatures showed a strong positive correlation (r = 0.90*) in the kidneys and moderately positive (r = 0.69 *) in the 579 intestines between Calb 28 and TRPV6 gene expressions (Fig 6) , indicating that both calbindin-D28k and 580 TRPV6 (mRNA) act synergistically, modulating resorptive (kidney) and absorptive (intestine) capacity, 581 and subsequent calcium deposition by the uterus. The correlations between the other variables were weak 582 and not significant. 
